Abstract-This paper describes a measurement setup to obtain the reflection coefficient response over the frequency of a given device when this is subjected to a single-tone high-power (HP) signal. The proposed system is based on a feed-forward technique to cancel the reflected HP signal before reaching the vector network analyzer. This allows measuring the effects of the HP interfering signal into the device's low-power frequency response. This technique does not require either power-calibrated standards or complex calibration techniques. Experiments in several devices are also reported to validate the suitability of this technique.
I. INTRODUCTION
P ASSIVE intermodulation (PIM) requirements, power handling of transmitting filters, thermal stability behavior of duplexers, interference blockers, and others are few examples of the increasing interest in characterizing passive devices when they are subjected to high-power (HP) signals. Many of those devices, for example, a radar protection circuit of jamming signals incorporating frequency-selective power limiters, must retain the low signal performance while dealing with HP interfering (HPI) signals. Those signals may fall inside or outside the operating frequency band [1] , and therefore the device needs to be designed and characterized under those scenarios.
For example, measuring the reflection coefficient of a simple reflective limiter at the limiting state is not trivial with a traditional vector network analyzer (VNA). External HP amplifiers (HPAs), isolators, couplers, and attenuators must be used, and calibrations need to be performed at each power level of the interfering signal. In addition, the number of VNA's ports is often higher than the number of ports of the device to be characterized [2] because, for example, a reference of the HP input signal is taken apart from the reflected signal.
To evaluate the performance of HP devices, techniques such as hot S-parameters and X-parameters [3] have been widely used. The former is typically used to characterize power amplifiers (stability and distortion), and the latter allows for a complete nonlinear characterization of a two-port device after a suitable calibration procedure [4] (match/gain error correction, absolute power accuracy correction, and relative phase calibration correction at different frequencies), mainly when the four scattering parameters must be measured.
In this paper, we propose a technique based on the architecture of a feed-forward loop to measure the reflection coefficient of very reflective devices under a fixed-frequency HPI signal. Feed-forward techniques have shown to be very useful to measure PIM without using narrowband filters [5] , [6] . In [5] and [6] , these techniques are applied to cancel the HP fundamental tones before reaching the spectrum analyzer (SA), which allows increasing the dynamic range of the PIM measurement system. Since no filters are required, there are no restrictions on the frequency spacing between the driving fundamental tones. Note as well that the measurement system is not specific to a given narrow bandwidth.
To our knowledge, feed-forward techniques have not been previously applied for measuring small-signal scattering parameters under an HPI signal as done on a hot S-parameter characterization.
The proposed application for the architecture uses a basic signal cancellation block [7] that requires neither costly external components nor narrowband filters to measure the reflection coefficient of a device under an HPI signal with a traditional VNA, an ENA E5071C in our implementation. The procedure and measurement system described in this paper can be easily extended to measure other scattering parameters of a multiport device.
Section II presents the proposed architecture including the description of the general concept and details on the implementation aspects, such as the cancellation algorithm, which is based on a gradient descent algorithm, and the calibration of the VNA.
0018-9480 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Section III applies the implemented measurement system for the characterization of two microwave components, namely, an SMA-female short circuit and a reflective limiter. Fig. 1 outlines the proposed measurement system, where the feed-forward approach can be easily identified by the two existing branches. One branch is used to feed the device under test (DUT) with a single-tone HPI signal, whereas the other branch is used as a reference branch that cancels out the HP reflected signal before reaching the VNA. Both branches are referred, respectively, as DUT branch and cancellation branch.
II. PROPOSED ARCHITECTURE

A. General Concept
The HPI signal is generated at single frequency f 1 , with a signal generator, which is then followed by an attenuator to adjust the signal power level to the following stages of the system without damaging any of the following components, and by an isolator to guarantee isolation from reflected signals toward the signal generator. The HPI signal goes then through a power splitter to drive the DUT and cancellation branches.
The DUT-branch includes an HPA and an isolator to protect it from reflected signals. The isolator also prevents powerdependent changes of the HPA output impedance that could affect the error terms of the VNA calibration, which is performed at low-power levels.
The cancellation branch is mainly composed of a vector modulator (VM) [7] and an HPA. The attenuation and phase of the VM output signal are controlled by an in-phase voltage (V i ) and a quadrature voltage (V q ) through a digital-to-analog converter (DAC). The cancellation signal, with the required phase and magnitude, is then amplified by the HPA followed by an isolator. A variable attenuator is also placed before the VM, which guarantees that the VM works close to the optimum gain state for highest phase resolution.
The amplified signal of the DUT branch is then connected to an HP broadband 90°hybrid coupler to feed the DUT. The reflected signal from the DUT is directed by the hybrid coupler toward an HP Wilkinson power combiner (labeled A in Fig. 1 ), where it is combined with the signal coming from the cancellation branch. The magnitude and phase of the cancellation signal are adjusted to be equal in magnitude and opposite in phase than the reflected signal to achieve the desired cancellation level. Note that the combiner must be able to dissipate the power of both signals when they are canceled.
Then, the combiner is connected to the VNA through an HP broadband directional coupler and a power limiter. The HP directional coupler couples the signal to an SA, which is used to measure the power of the canceled HPI signal. The cancellation level is the input of the algorithm in charge of adjusting the in-phase and quadrature voltages V i and V q of the VM that modifies the phase and amplitude of the cancellation signal. The required V i and V q values, which are generated with the DAC, are obtained in real time with an iterative algorithm. The only mission of the limiter, whose limiting threshold is 25 dBm, is to protect the VNA from an HP signal when cancellation is not achieved. In case of cancellation, the VNA will measure the reflection coefficient of the DUT without the eventual distortion caused by the VNA receivers due to the HPI signal.
All the components and cables dealing with HP levels (HP stage in Fig. 1 ) are HP components with 7/16 connectors. Using this configuration, the available input power to the device is 39 dBm (43-dBm HPA are used), and the variable attenuator of the cancellation branch allows measuring devices with reflection coefficients ranging from 0 to −50 dB while keeping both paths properly balanced to allow cancellation. The frequency bandwidth of the VNA measurement path is strictly limited by the bandwidth of the hybrid, combiner, and coupler. In this arrangement, the most restrictive is the power combiner with a practical bandwidth from 700 MHz to 2.7 GHz.
B. Cancellation Algorithm
As explained in the previous section, the VM is controlled by two dc voltages V i and V q , which set the amplitude and phase of the cancellation signal. The cancellation level C is defined as the ratio of the power of the HPI signal reflected from the DUT without cancellation, to the power of the canceled signal, both measured at the output of the combiner A (Fig. 1) . The uncanceled power level of reference is measured when the VM is set to its maximum attenuation state.
The power of the canceled signal depends on the unbalanced phase and magnitude between the signals added in the combiner, so the cancellation level achieves a maximum when both signals are added having equal magnitude and opposite phase.
The values of the required V i and V q are obtained through a cancellation algorithm whose input is the power level measured at the SA. Our cancellation algorithm, which is based on the method of steepest descent in a bidimensional domain, is iterative and, therefore, it is well suited for experiments, where the reflection coefficient of the device could slightly change with power or time.
If the cancellation level has only a single maximum in the dynamic range of V i and V q , the algorithm is able to achieve a desired cancellation level C below this maximum, using a standard iterative gradient search method [8] with line search optimization.
A flowchart of the algorithm is shown in Fig. 2 . The inputs of the algorithm are the power P measured by the SA and the desired cancellation level C. The search domain is defined by the voltages V i and V q that control the VM. Both values are ranged from 0 to 1 V for the VM used in this setup (Analog Devices AD8341).
The algorithm starts at an initial VM state (V i and V q ) 0 . A new VM state (given by the pair V i and V q at iteration n + 1) is calculated by computing the gradient of the power ∇ P in the previous modulator state (given by the pair V i and V q at iteration n) and a scalar step parameter λ n as indicated by the following equation:
The gradient direction is calculated using numerical derivatives. Four power samples are taken in the vicinity of the previous VM state (V i and V q ) n considering a small voltage increment along the in-phase and quadrature axis
The gradient is found by combining these four power samples Fig. 3 . Example of a 70-dB cancellation using the gradient search algorithm. It shows the evolution of the cancellation level versus the power sample (including the samples required to compute the gradient). Inset: last steps on the evolution of the VM state.
In (1), the step parameter λ n is obtained to reach the minimum value of the measured power along the gradient direction. This value considers the distance between the power at the current VM state and the power level to achieve the desired cancellation level. The algorithm is stopped during the cancellation process in case of achieving the desired cancellation level. Then, the reflection coefficient of the DUT is measured with the VNA.
As an example, Fig. 3 outlines the cancellation transition of a 70-dB cancellation procedure when measuring a short circuit. It illustrates how the cancellation level increases with the number of measured samples. The starting VM state was (0 V, 0.5 V), near a contour of maximum VM gain. In the experiment, the number of power samples required to achieve a cancellation level of 70 dB was 127. This number includes the power samples needed to compute the gradient. The steep valleys in the plot correspond to the samples acquired while computing the gradient and finding a convenient value for the step parameter. The inset of Fig. 3 shows the preceding pairs (V i and V q ) commanded to the VM before reaching the optimum. It reveals that when the cancellation algorithm is close to the desired solution (high cancellation levels), the path followed by the VM state curls toward the cancellation level goal.
To further illustrate this process, Fig. 4 (a) details the cancellation level (left y-axis) and the number of samples required in the cancellation procedure (right y-axis) when the canceling level was set to 70 dB, per 100 different trials. Those trials were performed when using a short circuit as a DUT. Fig. 4(b) shows a histogram showing how many assays (vertical axis) achieve the desired cancellation level in each range of power samples (horizontal axis). According to this plot, 78 out of 100 assays take less than 200 power samples to get at least 70 dB of cancellation.
C. Phase Imbalance Control in the Cancellation Branch
As outlined in Section II-A, a DAC is used in the cancellation branch to control the VM through V i and V q voltages. The quantization error of the DAC is the ultimate limit on the achievable cancellation level [7] . When the signals to be canceled are balanced in magnitude, the DAC resolution is critical to achieve the phase that cancels out the single-tone HP signal.
The VM used in this paper is an Analog Devices AD8341 that allows a continuous forward gain magnitude control of 30 dB starting from a (maximum) −4.5 dB and a continuous phase control of 360°. This amplitude and phase control requires single-ended in-phase and quadrature voltages in the range from 0 to 1 V. The performance of the VM is commanded by a National Instruments NI-9264 DAC having 16 bits in a ±10-V range that is almost equivalent to 12 bits in a scale of 0-1 V (0.3 mV). Fig. 5 shows, as an example, the measured magnitude and phase variation of the VM forward gain versus the in-phase and quadrature voltages at a frequency of 2.30 GHz. Contours of −10 and −15 dB are indicated in Fig. 5 .
The VM should provide the required canceling signal with high accuracy (i.e., close to magnitude and phase of the desired signal). Since the number of voltages (V i and V q ) that can be supplied by the DAC are discrete it is desirable that the VM operates at the highest forward gain, while keeping a full 360°control of its phase. In the example of Fig. 5 , a convenient level for S 21 of the VM is −10 dB at 2.3 GHz. The variable attenuator before the VM helps to set the modulator in this operating condition. Note that setting the value of this attenuator is commonly required only once for a device characterization process.
D. VNA Calibration
The VNA (Agilent ENA-5071) calibration needs to include all the additional components of the measurement setup up to the reference plane of the DUT. During the calibration process, the active components, VM and HP amplifiers, are turned ON to evaluate the noise that they generate. The signal source is switched OFF to avoid running the cancellation process during the calibration procedure.
With the previous considerations, one-port OSL calibration (standard Agilent 85033D) has been used from 1.8 up to 2.3 GHz. The power of the VNA is set to 10 dBm and the IF bandwidth to 1 kHz. The swept mode is activated, and four averages are taken at each measurement point. The number of points is set to 1601 points. Fig. 6 shows the measured S 11 of the female short circuit of the calibration kit at several power levels of the interfering signal, whose frequency is 1.9 GHz, after running the cancellation process. A measurement of the same DUT applying a raw calibration that does not include the measurement system ("CalRef" trace) has been also outlined as a reference. As it can be seen, the reflection coefficient of the DUT does not change significantly at those power levels, and the calibration performed at low-power levels is still valid. This confirms that the HP components, connectors and cables in the HP stage of the system do not change significantly with the power, and the isolators located at the output of the HPAs offer enough isolation to provide calibration error terms independent of the HPI signal.
The price paid in terms of calibration performance is an error around ±0.01 dB due to the complexity of the system included in the calibration (slow variations with a periodicity of around 0.05 GHz already present at the lowest power) and the noise introduced by the active components: the HPA and the VM. Fig. 7 represents the deviation of the measured S 11 from S 11 that is measured at the lowest power level of the HPI signal. S 11 of an SMA-female short measured for an HPI signal from −5 up to 30 dBm. The cancellation algorithm is active. Fig. 7 . S 11 deviation from S 11 reference (−5 dBm) of an SMA-female short measured magnitude (top) and phase (middle) for an HPI signal from 5 up to 30 dBm. The absolute value of the relative deviation (bottom).
The deviation of S 11 magnitude [ Fig. 7(a) ] increases a little with the power level but always within the range of ±0.01 dB. The phase deviation [ Fig. 7(b) ] is less than 0.05°at moderate power levels and 0.1°at 30 dBm. In any case, the relative percent deviation is less than 0.2% [ Fig. 7(c) ]. Fig. 7(a) -(c) set the limit of the calibration error.
III. DEVICE MEASUREMENTS
This section reports on the frequency response of two reflective devices when those are subject to a single-tone HPI signal. Section III-A describes measurements of the same female short circuit of the previous section, but in this case without applying the cancellation algorithm to illustrate the efficiency of the proposed scheme. Additional measurements performed in a narrower bandwidth are also shown, with and without cancellation. The second device is a reflective limiter and again we will illustrate the effectiveness of applying the cancellation technique and the proposed architecture.
A. Female Short Circuit
The first experiment extends the measurements performed in previous section using the same calibration and power levels without applying the cancellation algorithm. Fig. 8 shows that, for even moderate power levels (20-dBm black-diamond trace), the interfering HP signal significantly affects the measurement.
At HP levels, the interfering signal at 1.9 GHz is clearly displayed at the VNA, but a more important effect is the clear reduction of the reflection coefficient at HP levels all over the frequency range. One could think that the female short changes drastically due to thermal effects, or that the performance of the limiter that protects the VNA is affected at those power levels, or even that this effect is caused inside the VNA when it is reached by the HP signal. With regards to the effects of the limiter, a previous setup of the system confirms that the power reaching the VNA is around 17 dBm when the input power to the DUT is 20 dBm and the cancellation algorithm is not active. At DUT powers below 20 dBm, we can discard the limiter as the origin of S 11 degradation because its threshold limiting power is 25 dBm, and degradation of S 11 is very significant even at DUT powers much lower than 20 dBm. At power levels higher than 20 dBm, the protecting limiter may play a role, but it is not the main source of the measurement degradation in the whole range of powers.
By comparing the measurements with cancellation ( Fig. 6 ) and without cancellation (Fig. 8) , it indicates that no thermal effects are significant at those power levels, and therefore S 11 degradation is originated in the set VNA limiter due to the incoming HP level of the interfering signal reaching the VNA. Therefore, one needs to cancel this out to make possible the measurement of S 11 .
We have also performed a narrower calibration with a bandwidth of 100 MHz around the HP interfering signal. Fig. 9 shows the measurements without cancellation, and Fig. 9 . S 11 of an SMA-female short measured for an HPI signal from −5 up to 30 dBm using a narrow calibration of 100 MHz. The cancellation algorithm is not active. Fig. 10 . S 11 of an SMA-female short measured for an HPI signal from −5 up to 30 dBm using a narrow calibration of 100 MHz. The cancellation algorithm is active. Fig. 10 shows the measurements when the cancellation algorithm is activated. This exhibits a significant variation, and the device can be properly measured when the cancellation is applied. The conclusions are the same as those discussed previously and note that an additional peak at 6 MHz below 1.9 GHz in unveiled. By measuring the spectrum of the input signal at the VNA port plane, we confirmed that this signal is not directly coming from any interference, intermodulation, or other nonlinear effects of the measurement system. Therefore, it must correspond to an intermodulation or harmonic signal generated by the VNA appearing when there is no cancellation of the HP signal.
Note that in Fig. 10 , there is no sign of the HP signal tone in the measurements as it was expected.
We can confirm, therefore, that the large reduction of S 11 , observed in previous experiments without cancellation algorithm (Figs. 8 and 9 ), was due to saturation effects of the circuitry of the VNA limiter, and the performance of the DUT is not affected by the HPI signal. This means that below 30 dBm, heating effects in this device are negligible. Measured S 11 of the limiter without cancellation for several interfering power levels. 
B. Reflective Limiter
An HP limiter (LM200802-M-A-300) has been measured. The output port of the device was terminated with an HP 50-load. The input power level of the 1.9-GHz HPI signal was increased from −5 up to 30 dBm, reaching 35 dBm when the cancellation is active.
Results for the noncancellation and cancellation cases are reported in Figs. 11 and 12 , respectively. The reflection coefficient goes from the all-pass state to the limiting state losing the good return losses as corresponds to a reflective limiter. Note that for the cancellation case, the cancellation algorithm must be applied even when the return losses are still high, and the reflected power is low.
Differences between results in Figs. 11 and 12 reveal that cancellation of the single-tone HP signal before reaching the VNA is necessary to obtain the reflection coefficient of the DUT. This statement is further validated with the results in Fig. 13 . Fig. 13 shows the reflection coefficients of Figs. 11 and 12, to outline the reflection coefficients at two frequency points, 1.9 and 2 GHz, as a function of the input power. Note that the first frequency point is the frequency where the singletone HP signal is set. Results at 1.9 GHz are indicated in blue circles, and results at 2 GHz are indicated in black triangles. Results corresponding to the noncancellation case are indicated in dashed-dotted traces, whereas the cancellation cases are indicated with solid traces.
IV. CONCLUSION
This paper demonstrates that when a device is driven by an HPI signal the proposed feed-forward architecture to measure small signal scattering parameters, in this case, S 11 is very useful without requiring an HP standard to calibrate the VNA.
To our knowledge, this is the first time that the feed-forward techniques are used to measure small-signal parameters of devices, which are subjected to HP levels of signals. For example, this technique could be used to measure, with a simple VNA, hot S 22 parameters using neither expensive components nor complex calibration procedures.
The proposed architecture is especially suited for measuring the reflection coefficient of reflective devices at frequencies close to the frequency of the HPI signal. Once proved the viability of the concept, the system could be easily modified to measure transmission parameters of a two-port device, just adding a new cancellation branch.
